Abstract 29
Understanding the evolutionary consequences of human-mediated introductions of domestic 30 strains into the wild and their subsequent admixture with natural populations is of major 31 concern in conservation biology. In the brown trout Salmo trutta, decades of stocking 32 practices have profoundly impacted the genetic makeup of wild populations. Small local 33
Mediterranean populations in the Orb River watershed (Southern France) have been subject to 34 successive introductions of domestic strains derived from the Atlantic and Mediterranean 35 lineages. However, the genomic impacts of two distinct sources of stocking (locally-derived 36 vs divergent) on the genetic integrity of wild populations remain poorly understood. Here, we 37 evaluate the extent of admixture from both domestic strains within three wild populations of 38 this watershed, using 75,684 mapped SNPs obtained from double-digest restriction-site-39 associated DNA sequencing (dd-RADseq). Using a local ancestry inference approach, we 40 provide a detailed picture of admixture patterns across the brown trout genome at the 41 haplotype level. By analysing the chromosomal ancestry profiles of admixed individuals, we 42 reveal a wider diversity of hybrid and introgressed genotypes than estimated using classical 43 methods for inferring ancestry and hybrid pedigree. In addition, the length distribution of 44 introgressed tracts retained different timings of introgression between the two domestic 45 strains. We finally reveal opposite consequences of admixture on the level of polymorphism 46 of the recipient populations between domestic strains. Our study illustrates the potential of 47 Introduction 53 4 The use of ancestry tracts has helped understanding the history of admixture during the recent 85 and past history of human populations, including admixture between modern human and 86 extinct archaic lineages (e.g., Wall et al., 2013; Racimo et al., 2015) . More recently, these 87 approaches have been also applied in domesticated plant and animal species to characterize 88 the nature, origin and timing of introgression assessed using molecular markers, but without using linkage information. Now that extensive 109 genomic resources are available including dense linkage maps (e.g. Lien et al., 2011; 110 Gagnaire et al., 2013; Gonen et al., 2014; Brieuc et al., 2014; McKinney et al., 2015; 111 Sutherland et al., 2016; Tsai et al., 2016; Leitwein et al., 2017) and reference genomes 112 (Berthelot et al., 2014; Lien et al., 2016) , it becomes possible to explore the potential of local 113 ancestry blocks for studying the genomic consequences of HMH in salmonids. 114
The brown trout (Salmo trutta L.) is a widely distributed Eurasian species with a 115 complex evolutionary history (Elliott, 1994; Bernatchez and Osinov, 1995; Sanz, 2017) . The 116 5 species has been heavily impacted by human activities and is subject to stocking practices that 117 are known to genetically impact wild populations to various degrees (e.g. Poteaux et al., 118 1999; Berrebi et al., 2000; Almodóvar et al., 2001; Hansen, 2002; Hansen et al., 2009 ). In 119 France, the Atlantic hatchery lineage which has been domesticated for decades (Bohling et 120 al., 2016) has been largely used for restocking and enhancement of wild Mediterranean local 121 populations that belong to a distinct evolutionary lineage (e.g. Bernatchez 2001) . In order to 122 avoid mixing different lineages by supplementing with the domestic Atlantic strain, several 123 recent attempts have been made to develop local domestic Mediterranean strains with the aim 124 to release locally adapted genotypes into the wild ). However, the impacts 125 of these different stocking practices have not been assessed at the genomic level yet. 126
The aim of this study was to investigate admixture from a distantly (i.e. Atlantic) and a 127 closely (i.e. Mediterranean) related hatchery source strain into wild Mediterranean brown 128 trout populations. We assessed the mosaic of introgressed tracts for characterizing the 129 complex makeup of admixed genotypes within three wild brown trout populations, and 130 improve the distinction between ‗early-generation hybrids' such as F 1 , F 2 and backcrosses, 131 and ‗late-generation hybrids' produced by several generations of admixture in the wild. 132
Finally, the relative timing of admixture was estimated from both domestic source 133 populations within each of the three wild populations. We took advantage of the high-density 134 linkage map recently developed by Leitwein et al. (2017) to address these issues using RAD 135 markers. 136 137
Materials and methods 138
Sampling 139
Wild Mediterranean brown trout were sampled from three tributaries of the Orb River 140 watershed in southern France (April-May 2015). Eighty-two individuals were caught by 141 electrofishing, fin clipped and released under the supervision of the Hérault French Fishing 142
Federation. The study includes a total of 23 individuals from the upper Orb River, 45 from the 143 Gravezon River, and 14 from the Mare River (Table 1 ). Farmed fish (N = 102) were sampled 144 in 2014 at the Babeau hatchery to genetically characterize each of the two domestic strains 145 that were used for stocking. They consisted of 61 individuals from the Atlantic domestic 146 6 strain, which is commonly used for stocking practices in France for decades (Bohling et al. 147 2016), and 41 individuals from a Mediterranean domestic strain, which was initially 148 developed by the Hérault French Fishing Federation in 2004 (Table 1) The bioinformatics pipeline used for SNP calling has been described in Leitwein et al. 174 (2016) . Briefly, reads where demultiplexed, cleaned and trimmed to 120bp using 175 process_radtags.pl implemented in STACKS v1.35 (Catchen et al., 2013) . Individual genotypes 176 at RAD markers were determined using a reference mapping approach with the Atlantic 177 
Inference of local ancestry 216
The inference of local ancestry was performed with ELAI v1.01 (Guan, 2014) , which 217 relies on a two-layer hidden Markov model to detect the structure of haplotypes in unrelated 218 individuals. The program was run separately for each of the 40 linkage groups (LG) of the S. 219 trutta linkage map (Leitwein et al., 2017) . We took advantage of the strong collinearity 220 between the Salmo trutta and S. salar genomes (Leitwein et al., 2017) to anchor the 4,000 221 mapped RAD loci of the brown trout linkage map onto the reference genome of S. salar. This 222 strategy allowed us to determine the relative mapping positions of a large number of 223 additional RAD loci that were not present on the brown trout linkage map, using their relative 224 positions on the Atlantic salmon reference genome. A list of ordered RAD loci was created 225 for each of the 40 brown trout LGs, and passed to the STACKS populations module using the 226 9 whitelist option (-W) with the previously described filters to generate an ELAI input file for 227 each brown trout LG. ELAI was run separately for each wild Mediterranean population. In 228 each run, we used the 54 Atlantic and the 40 Mediterranean domestic individuals as source 229 populations, and also used wild individuals with a Mediterranean ancestry greater than 95% 230 (N = 29; Table 1) Figure 1A) . Therefore, the junctions between 245 haplotypes from different sources occurred within ‗uncertainty areas' where the ancestry 246 dosage lays between 0.05 and 0.95, or between 1.05 and 1.95. For each ‗uncertainty area' 247 within each LG of each individual, the junction between the ending and starting positions of 248 two haplotypes from different sources was determined as the position where the estimated 249 ancestry-dosage curve produced by ELAI crossed the 0.5 or 1.5 values ( Figure 1A) . 250 251 Because the approach implemented here with ELAI does not use phased haplotype data, 252 the delimitation of tract junctions could not be unambiguously resolved in the particular case 253 when the ancestry dosage was found to vary from 1 to 2 and back to 1 haplotype copy ( Figure  254 1A). Such profiles may correspond to two alternatives situations, one involving the co-255 occurrence of a short haplotype inherited from one parent, fully overlapping a long haplotype 256 inherited from the other parent (case a) in Figure 1A ), and the second involving the presence 257 of two medium-sized and partially overlapping haplotypes (case b) in Figure 1A ). Although it 258 is not possible distinguishing between these two alternatives, we systematically resolved these 259 cases by considering the existence of one short and one long haplotype, in order to avoid 260 over-splitting real long haplotypes in early-generation hybrids, which would artificially 261 downwardly bias our estimates of chromosomal ancestry imbalance (see below). This choice 262 is also consistent with the know history of uninterrupted stocking practices over the last 263 decades, generating combinations of short (i.e. more ancient) and long (i.e. more recent) 264 haplotypes originating from the same source within individual genotypes. 265 Spearman test in R (Team, 2014) . We further tested whether the percentage of individual 274 domestic ancestry from each domestic source correlates with the genome-wide averaged 275 heterozygosity computed with VCFTOOLS v0.1.14 (Danecek et al., 2011) . 276
277
Quantifying the timing of hybridization and introgression 278
In order to characterize the dilution of Atlantic alleles within Mediterranean genomes 279 over time, we defined the chromosomal ancestry imbalance (CAI, Figure 1B ). For a given 280 chromosome, the CAI represents the difference between the cumulated lengths of Atlantic 281 haplotypes from each of the two parental homologues, divided by the haploid chromosome 282 length. Therefore, the CAI ranges from 0 to 1, and can be averaged across the 40 LGs to 283 provide a genome-wide measure for each individual. The CAI theoretically reaches its 284 maximal value of 1 for F1 hybrids obtained by crossing two pure (i.e. non-admixed) parental 285 populations, and is progressively reduced at every generation post-admixture due to 286 recombination and random transmission of homologues from one generation to the next. 287 Therefore, the CAI converges to 0 after a sufficient number of generations post admixture. 288
The value of 0 also characterizes pure individuals (e.g., F0_ATL and F0_MED, Figure 1B ). 289
The length distribution of tracts originating from the two domestic sources was used to 290 estimate the timing of hybridization in each of the 3 wild populations. Following (Racimo et 291 al., 2015) , the relationship between the time since admixture (T in generations) and the mean 292 length of introgressed tracts (l) is given by: 293
where m is the proportion of domestic ancestry within the recipient population, and r the 295 recombination rate (in Morgan per base pair per generation). We used the genome-wide 296 average recombination rate estimated in Leitwein et al. (2017) , taking into account its 297 variation across the genome to account for uncertainty. The mean tract length (l) in eqn. 1 was 298 replaced by the mode of the length distribution of domestic tracts (either of Atlantic or 299
Mediterranean origin). The rationale behind that choice was that the mode of the distribution 300 better reflects the average time when the intensity of stocking was the most important, 301
whereas the mean of the distribution would instead capture the presence of long tracts in early 302 generation hybrids ( Figure S1 ). Thus, using the mode of the distribution for estimating the 303 timing of hybridization was considered more realistic to obtain conservation relevant 304 estimates in this study. Individuals identified as ‗pure' F0 individuals were discarded prior to 305 building the length distributions of Atlantic and Mediterranean domestic tracts. (Table S1) . Similarly, two individuals from the Orb, one from Gravezon and four 336 from Mare River were not assigned as ‗pure' wild individuals despite being defined as 337 parental individuals in the prior settings (Table S1 ). According to NEWHYBRIDS, hybrid 338 genotypes were present in all of the three wild populations, including seven F1's in the 339
Gravezon River, and four, three and five F2's in the Orb, Gravezon and Mare rivers, 340 respectively (all with 95% probability of assignment, Table S1 ). First generation backcross 341 genotypes were mostly detected in the Orb River with NEWHYBRIDS (Table S1) 
Inference of local ancestry 344
Local ancestry inference was performed in ELAI using 75,684 mapped SNPs 345 distributed along the forty S. trutta LGs for 53 admixed individuals captured in the wild (13 346 from the Orb, 30 from the Gravezon and 10 from the Mare; Table S2) Mediterranean ancestry were found to considerably vary among the 53 admixed individuals 378 considered in this study (Table S2 ). Within individuals, the length of ancestry tracts was also 379 highly variable (Table S2) Figure  385 4 A and B). This result confirms that the genome-wide average ancestry estimated with ELAI 386 is highly consistent with the estimates obtained using the more classical ADMIXTURE approach, 387 16 despite the existence of a small fraction of ‗uncertainty areas' where local ancestry could not 388 be determined. However, ADMIXTURE reported the existence of individuals with no domestic 389 ancestryeither from Atlantic or Mediterranean strainsthat were found with small but non-390 negligible domestic ancestries in ELAI (Figure 4) Table S2 ). The finding of reduced Atlantic tract numbers and Atlantic 421 ancestries (down to 55 and 25%, respectively) suggested that these individuals were more 422 likely backcross genotypes produced between a F2 and a backcross parent. Moreover, two 423 individuals were assigned as pure wild Mediterranean fish with NEWHYBRIDS (Table S2) , 424 while they appeared to be more likely backcrosses produced between a F1 and a 425 Mediterranean parent. Indeed, one of them displayed a CAI of 0.49 together with Atlantic 426 ancestry of 25.3%, which corresponds to what is expected for a first generation backcross. 427 Therefore, our results probably illustrate some limitation of NEWHYBRIDS to assign genotypes 428 to predefined hybrid classes in the presence of complex admixtures that go beyond the 429 categories that are specified prior to the analysis. However, both methods produced mostly 430 similar results for parental, F1 and F2 classes. Mediterranean ancestry, thus a CAI of 1 because the chromosomal ancestry imbalance is maximum between homologues). The colors represent the three wild populations: red for wild-caught individuals of the Gravezon River, then green for the Mare and blue for the Orb individuals, respectively. The different points shape represent the hybrids categories as obtained with NewHybrids. The estimated numbers of Atlantic haplotypic tracts for each individual are reported and ranged from 7 to 98 with theoretical expectation ranging from 0 to 80.
The percentage of domestic ancestry was also compared to the individual heterozygosity in 440 order to evaluate the consequences of admixture and introgression on the level of 441 polymorphism. We found a significant positive correlation between the percentage of 442 domestic Atlantic ancestry and individual heterozygosity ( Figure 6A , rho Spearman = 0.88, p 443 <2.2e-16). Conversely, a significantly negative correlation was found between the percentage 444 of domestic Mediterranean ancestry and individual heterosigosity ( Figure 6B individuals at the right corner) were removed from data before estimating T, as well as four 454 individuals with more than 80% of domestic Mediterranean ancestry identified in the Mare 455
River (Table S2) Mediterranean ancestry were assessed with ADMIXTURE and ELAI using 86,175 SNPs and 508 75,684 mapped SNPs, respectively (Figure 2 ; Table S2 ). Contrary to microsatellites data that 509 did not allow the detection of the domestic Mediterranean strain in Gravezon river (Berrebi 510 and Schikorski, 2017), admixture from the two domestic strains (i.e. Atlantic and 511
Mediterranean) was efficiently detected in each river using the dense SNP marker dataset. 512
The individual proportions of domestic and wild ancestry assessed with ELAI using the 513 haplotypic ancestry information showed a high consistency with the ancestry proportions 514 inferred with ADMIXTURE. Indeed, a strong positive correlation was observed between 515 ADMIXTURE and ELAI results for both Atlantic and Mediterranean domestic ancestry. Since the 516 genome-wide ancestry proportions are consistent between methods for both domestic sources, 517 it reinforces the value of the local ancestry inferences performed with ELAI, which has not yet 518 been evaluated for its performance on similar data. 519
Both methods found six individuals sampled in the Gravezon River that were assigned 520 as domestic Atlantic trout. Because the Hérault French Fishing Federation has stopped 521 supplementing with the domestic Atlantic fish in this region, these individuals were probably 522 escaped from a private hatchery during flooding events that are frequent in Mediterranean 523 streams. Besides these six Atlantic fish, a low to moderate percentage (from 10 to 20%) of 524 domestic Atlantic ancestry was detected in each of the three wild populations. This likely 525 result from past introgression of Atlantic alleles which starting since the beginning of 526 supplementation practices. Domestic Mediterranean ancestry was also detected in all three 527 local populations, especially in the Mare River where four individuals over 14 had a high 528 percentage of domestic Mediterranean ancestry (>60%), probably due to recent stockings in 529 this river. 530
Our analyses also revealed discrepancies between methods, especially for estimating 531 the lowest proportions of admixture within wild individuals. Indeed, ADMIXTURE assigned 532 several individual as pure (i.e. zero percent of domestic ancestry, Figure 4) whereas ELAI 533 detected low to moderate proportions of admixture (i.e. 0 to 20 %, Figure 4 ). This might 534 23 reflect some limits in the inference of ancestry proportions with ADMIXTURE, which tends to 535 minimize the level of admixture in the least introgressed genotypes. This discrepancy is also 536 possibly explained by the fact that ADMIXTURE estimates ancestry proportions globally across 537 the genome, whereas ELAI performs local ancestry inference. By taking advantage of the 538 information contained in allelic association at linked markers, ELAI is expected to provide a 539 finer scale picture of the mosaic of ancestry, which is supposed to improve the estimation of 540 admixture proportions when introgression occurs over a small fraction of the genome. This 541 interpretation, however, will need to be confirmed by a simulation study to evaluate the 542 performance of ELAI in a similar context. 543 544
Detection of Hybridization 545
The chromosomal ancestry imbalance (CAI) and the percentage of Atlantic ancestry 546 estimated from ELAI output were used to characterize admixture between wild Mediterranean 547 populations and the Atlantic domestic source. The percentage of domestic ancestry is 548 equivalent to the hybrid index (Anderson, 1949; Buerkle, 2005) , and the CAI to the 549 interspecific heterozygosity, both classically used to infer hybridization patterns at an 550 individual level (Larson et al., 2013; Gompert and Buerkle, 2016; Wielstra et al., 2017) . 551
However, by using haplotypes and the CAI, we were not limited by the use of only highly 552 differentiated loci and thus were able to characterize admixture between domestic and wild 553
Mediterranean populations exhibiting shallow differentiation. Moreover, the number and 554 length distribution of introgressed tracts reflect the number of recombination events since 555 hybridization, with a high number of short tracts revealing past introgression and a small 556 number of long tracts revealing recent admixture (Gravel, 2012; Harris and Nielsen, 2013; 557 Racimo et al., 2015) . These haplotype statistics are therefore more informative than the 558 interspecific heterozygosity, which is not dependent of the number of generations since 559 admixture beyond the first hybrid generation. For illustration, more abundant and longer 560 Atlantic tracts were found in Mediterranean backcrosses compared to introgressed individuals 561 displaying a low percentage of Atlantic ancestry, and showing less abundant and shorter 562 Atlantic tracts ( Figure 5 ). This result is consistent with a dilution of the Atlantic tracts over 563 generations since the beginning of the supplementation history (i.e. supplementation with the 564 domestic Atlantic strain has been stopped in this region). Moreover, the six ‗pure' domestic 565 Atlantic individuals which have been found in Gravezon River displayed a number of Atlantic 566 haplotypes greater than the 80 expected from the diploid number of chromosomes (Leitwein 567 et al., 2017; Phillips and Ráb, 2001) . Along with an estimated percentage of Atlantic ancestry 568 lower than one hundred percent and a CAI greater than zero, this result indicates a possible 569 admixture with Mediterranean individuals during the development of the Atlantic domestic 570 strain. This hypothesis is further comforted by the low percentage of Mediterranean ancestry 571 detected in the Atlantic domestic population with ADMIXTURE (Figure 2) . 572
The use of haplotypic information provides a more detailed picture of recent 573 hybridization and its consequences on admixture and introgression than NEWHYBRIDS 574 (Anderson and Thompson, 2002) , which can only assign individual genotypes to discrete 575 predefined hybrid classes (e.g. typically parental, F1, F2, and first generation backcrosses). 576
For example, several individuals in Gravezon, Mare and Orb rivers were assigned as pure 577
Mediterranean by NEWHYBRIDS (F0med; Figure 5 ), while their percentage of Atlantic 578 ancestry ranged from 8 to 32 %, with a number of Atlantic tracts ranging from 11 to 63 579 ( Figure 5 , Table S2 ). These individuals were unlikely to be pure Mediterranean, but rather 580 introgressed individuals resulting from past hybridization with the domestic Atlantic strain at 581 the beginning of supplementation. Several individuals were also assigned as F2 with 582 NEWHYBRIDS while they were most likely a result of backcrossing, since their percentage of 583 domestic Atlantic ancestry and their chromosomal ancestry imbalance were lower than 584 expected for F2 individuals ( Figure 5 ). This suggests that coupling haplotypic information to 585 probabilistic model-based methods such as NEWHYBRIDS could greatly improve the detection 586 of hybrids pedigree in a complex system like this one in the future. 587 588
Timing of gene flow 589
The use of haplotype information can also allow modeling historical gene flow in 590 order to date admixture events Gravel, 2012; Homburger et al., 2015) . 591
Indeed, the length distribution of introgressed haplotypes within a population is a proxy of the 592 time since introduction (Liang and Nielsen, 2014; Racimo et al., 2015) . Because introgressed 593 haplotypes are progressively broken down into shorter fragments at each generation due to 594 recombination events, long introgressed tracts denote recent admixtures while short 595 haplotypes denote more ancient hybridization events (Racimo et al., 2015) . For estimating the 596
